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(54) FIBER EQUIPPED WITH LENS 

(57) The object is to provide a lensed-fiber which 
ensures the improvement of the efficiency of coupling 
with an optical semiconductor device. In the lensed- 
fiber (10), one end of a single-mode fiber (11), which 
includes a core (11a) and a cladding (11b), and the 



other end of a coreless fiber (12), which has a coreless 
isotropic refractive index and one end thereof worked 
into a convex surface, are connected by a square-law 
index fiber (13) having a square-law index profile. 
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Description 

The present invention relates to a lensed-fiber. 
Coupling an optical semiconductor device, such as a laser diode, and an optical fiber with a high coupling efficiency 
5 is one of the most important techniques in the field of light communication. Conventionally known are methods in which 
the optical semiconductor device and the optical fiber are coupled by means of a lens, such as a spherical or nonspher- 
icai lens, located between them, and in which a laser diode 5 is coupled with a hemispherically-ended fiber 1 having a 
spherical tip end along with a core 1 a, as shown in FIG. 7. 

In the method in which the laser diode 5 is coupled with the hemispherical ly- ended fiber 1 , out of these methods, 
10 no lens is used, so that a small-scale coupling can be enjoyed, and besides, a laser diode array and a hemispherically- 
ended fiber array can be coupled with each other. 

According to this coupling method, however, the distance between the tip end of the hemispherical ly-ended fiber 1 
and an emission end face 5a of the laser diode 5 in the optical axis direction, that is, working distance, must be adjusted 
to 10 jim or thereabout, in order to effect a high coupling efficiency. In assembling the hemispherical! y-ended fiber 1 and 
75 the laser diode 5 into a coupling system, therefore, they sometimes come into contact or collision with each other to be 
damaged and disabled. 

Accordingly, a lensed-fiber 2 shown in FIG. 8 has been proposed as coupling means which can solve the above 
problem. This fiber 2 is coreless and has an isotropic refractive index, and includes a coreless fiber 4 having a spherical 
tip end, which is connected to the tip end of an optical fiber 3. A working distance D is lengthened so that contact or 
20 collision with the laser diode 5 can be avoided. 

In the lensed-ftoer 2 with the aforesaid construction, however, the tip end of the coreless fiber 4 is spherical in 
shape, so that there is a problem that the efficiency of coupling with the laser diode 5 is lowered due to spherical aber- 
ration. More specifically, light beams emitted from the laser diode 5 are projected at various angles on the spherical sur- 
face of the tip end of the coreless fiber 4, theoretically converged by the lens effect of the spherical surface, and 
25 projected on a junction surface F c between the optical fiber 3 and the coreless fiber 4. 

There is a problem, however, that some light beams may be incident upon a cladding outside a core 3a on the junc- 
tion surface F c between the optical fiber 3 and the coreless f toer 4, or fail to propagate through the core 3a because the 
angle of incidence is greater than the critical angle even though the core 3a is reached, so that the efficiency of coupling 
between the lensed-f foer 2 and the laser diode 5 is lowered. 
30 The object of the present invention is to provide a lensed-fiber which ensures the improvement of the efficiency of 
coupling with an optical semiconductor device. 

In order to achieve the above object, the inventors hereof first modeled an analysis of structural parameters of the 
lensed-fiber 2, which define coupling characteristics for a high coupling efficiency, by a method based on geometrical 
optics. 

as For the lensed-f foer 2, as shown in FIG. 8, the relation between the incidence angle fa (degrees) of the light beams 
on the junction surface F c between the optical fiber 3 and the coreless fiber 4 and the incidence position n-j (p,m) meas- 
ured from an optical axis L a was analyzed in a manner such that the emission angle 0 (degrees) of the light beams from 
the laser diode 5, as a parameter, was varied by degrees. In this analysis, the lensed-fiber 2 was arranged so that the 
refractive index of the coreless fiber 4 was 1 .45. working distance D was 1 30. 1 50, and 1 70 ftim), length L of the core- 

40 less fiber 4 was 1 (mm), and curvature radius R was 75 ftim). FIG. 9 shows the results of this analysis. 

In FIG. 9, a black spot represents an analytic value for the incidence angle fa and the incidence position hj based 
on the light beams on the optical axis La at the emission angle 6 = 0°. As the absolute value | 0 1 of the emission angle 
6 increases from this point the analytic value for the incidence angle 6 1 and the incidence position h 1 changes in a 
curve having the shape of a tilted inverted N in the horizontal direction. 

45 In consideration of the core diameter (= 8 jxm) of a conventional single-mode f toer, on the other hand, light beams 
incident upon the core 3a of the optical fiber 3 must be adjusted so that the incidence angle fa and the incidence posi- 
tion h 1 are within ranges, | fa | ^ 4.8° and | h t |^ 4.0 jim, indicated by an oblong in the drawing. 

Thus, although the range of the incidence angle fa of the lensed-fiber 2 has allowance, the allowable range for the 
incidence position h 1 is narrow on account of the small radius of the core 3a of the optical fiber 3. This feature was found 

so to be the reason why many of the light beams emitted from the laser diode 5 failed to be incident upon the core 3a, 
resulting in an increase in coupling loss between the lensed-fiber 2 and the laser diode 5. 

It can be supposed, therefore, that the efficiency of coupling between the lensed-fiber 1 (sic) and the laser diode 5 
can be improved by reversing the relation between the incidence angle fa and the incidence position for the light 
beams emitted from the laser diode 5. 

55 In general, a lens has a function to change the incidence angle and incidence position of light beams. It is reason- 
able, therefore, to interpose a lens between the optical fiber 3 and the coreless fiber 4. However, the lens is greater in 
size than the optical fiber 3 and the coreless fiber 4, it is troublesome to couple it with the optical fiber 3 and the coreless 
fiber 4 so that their respective optical axes are in alignment. 

Accordingly, the inventors hereof hit upon use of an optical fiber which has a square-law index profile and came up 
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with the present invention, supposing that the relation between the incidence angle and incidence position can be 
reversed without using a lens. 

In order to achieve the above object, according to the present invention, a lensed-fiber is constructed so that one 
end of a single-mode fiber, which includes a core and a cladding, and the other end of a coreless fiber, which has a 
5 coreless isotropic refractive index and one end thereof worked into a convex surface, are connected by means of a 
square-law index fiber having a square-law index profile. 

Preferably, the square-law index f foer has a length equal to the quarter pitch of a light beam sinusoidally propagat- 
ing in the fiber or a length equal to an odd multiple thereof. 

Preferably, moreover, the convex surface of the coreless fiber is a spherical surface. 
10 Further preferably, the single-mode fiber is a TEC (thermal expanded-core) fiber with the core diameter extended 
at the one end. 

The square-law index fiber having the square-law index profile displays a parabolic refractive index distribution 
based on a quadratic function with respect to the radial direction of the core. If the length of the square-law index fiber 
is then equal to the quarter pitch of the sinusoidally propagating light or the length equal to the odd multiple thereof, the 
15 relation between incidence angle and incidence position is reversed. 

If the convex surface at the one end of the coreless fiber is a spherical surface, it can be worked by using a micro- 
torch or arc discharge, so that the work is easy. 

If the single-mode fiber is the TEC fiber with its core diameter extended at one end, moreover, the range of inci- 
dence of the light beams projected through the square-law index fiber is wider than that of a fiber whose core diameter 
20 is not extended, even in case the refractive index of the coreless fiber is subject to fluctuation. 

FIG. 1 is a side view showing a lensed-fiber according to the present invention; 
FIG. 2 is an enlarged view of a section A of the lensed-fiber of FIG. 1 ; 

FIG. 3 shows working distance characteristic curves representing the results of analysis of working distance 
25 dependence related to the incidence angle <|> 1 and incidence position h t for light beams incident upon a single- 
mode fiber of the lensed-fiber of FIG. 1 ; 

FIGS. 4A to 4F are diagrams for illustrating manufacturing processes for the lensed-fiber of FIG. 1 ; 
FIG. 5 shows a variation characteristic curve representing the change of coupling loss compared with the change 
of working distance actually measured on the manufactured lensed-fiber; 
30 FIG. 6 is a side view showing a modification of the lensed-ffoer of the present invention; 

FIG. 7 is a side view of a conventional hemispherically-ended f foer used for coupling with an optical semiconductor 
device; 

FIG. 8 is a side view of a conventional lensed-ffoer used for coupling with an optical semiconductor device; and 
FIG. 9 shows condensing characteristic curves representing effective condensing ranges related to the incidence 
35 angle <h and incidence position h 1 for light beams incident upon a single-mode fiber of the lensed-ffoer of FIG. 8. 

Referring now to FIGS. 1 to 6, one embodiment of the present invention will be described. 

As shown in FIG. 1 , a lensed-fiber 10 includes a single-mode fiber (hereinafter referred to as "SMF") 1 1 and a core- 
less fiber 12, which are connected by means of a square-law index fiber 1 3, and is opposed to an optical semiconductor 
40 device, e.g., laser diode 15, at a working distance D therefrom when it is used. 

The SMF 1 1 is an optical fiber which includes a core 1 1a and a cladding 1 1b, one end of the SMF 1 1 being con- 
nected to the other end of the coreless ffoer 12 by means of the square-law index ffoer 13. 

The coreless ffoer 12 is a ffoer with a length L 12 which has a coreless isotropic refractive index and one end thereof 
worked into a spherical surface with a curvature radius R 12 . 
45 The square-law index fiber 1 3 is a graded-index optical fiber which has a length L 13 equal to the quarter pitch of the 
sinusoidally propagating light or a length equal to an odd multiple of the length L 13 and a square-law index profile. 

The following is a description of the principle on which the relation between incidence angle and incidence position 
is reversed in the case where the length of the square-law index fiber 1 3, in the lensed-fiber 1 0 according to the present 
invention, is adjusted to the length equal to the quarter pitch of the sinusoidally propagating light or the length equal to 
so the odd multiple thereof. 

In general, the distribution of the refractive index n of the square-law index fiber 13 is given by 



55 where Ag is the convergence parameter of light beams in the square-law index fiber 1 3, r is the distance from the central 
axis of the square-law index ffoer 13. and n 0 is the refractive index on the central axis. 

Supposing near-axis light beams and using a light matrix, the incidence position hj and the incidence angle ^ (see 
FIG. 2) on a junction surface between the SMF 1 1 and the square-law index fiber 13, obtained when light beams emit- 
ted from the laser diode 15 are propagated through the square-law index ffoer 13 of the length L 13 to be incident upon 



n = n 0 [1 -r 2 /(2A g 2 )], 
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the SMF 11 , can be expressed as follows: 



ft A , cosy A g • sinWh 2 \ 

U J ^ 1/A g ' sin Y cosy \* 2 ) 



where h 2 (pm) is the incidence position of the light beams measured from an optical axis l^ona junction surface 
between the coreless fiber 1 2 and the square-law index f ber 13. (degrees) is the incidence angle, and y is equivalent 
to a phase value indicative of the meandering of the light beams and is given by y = L 13 /A g . 
u Since the pitch of the light beams sinusoidally propagating in the square-law index fiber 13 is 2rcAg, on the other 
hand, a 1/4 period is (nAg)/2, and the length equal to the odd multiple of the length L 13 , which is equal to the quarter 
pitch of the propagating light beams, is given by 



L-od^nAgtN+lfc), (3) 



where N is a natural number given by N = 0, 1 . 2, • 

Accordingly, equation (2) may be transformed as follows: 



UJ>D N+1 /A g o JU z) ((-1 ) N+1 h 2 /A QJ 



(4) 



Thus, it can be seen that when the square-law index f ber 13, which has the length equal to the odd multiple of 
25 the length L 13 which is equal to the quarter pitch of the propagating light beams, is connected between the SMF 1 1 and 
the coreless fiber 1 2, the relation between the incidence angle and incidence position of the light beams is reversed with 
the convergence parameter Ag used as a parameter. 

If the specific refractive index difference of the square-law index fiber 13 and the radius of the core are A and a. 
respectively, the pitch of the sinusoidally propagating light is given by 

30 

L w = 2nA g = 2rca/(2A) 1/2 . (5) 

The relation between the incidence angle 4> 1 (degrees) of the light beams on the junction surface between the SMF 
11 and the square-law index fiber 13 and the incidence position h n (^im) measured from the optical axis L a , in the 

35 lensed-f iber 10 according to the present invention arranged in the aforesaid manner, was analyzed by a method based 
on geometrical optics. FIG. 3 shows the results of this analysis. 

In this analysis, the lensed-f ber 10 was arranged so that the refractive index of the coreless ffoer 12 was 1.45, 
working distance D was 130. 150. and 170 (fim), length L 12 of the coreless fiber 12 was 1 (mm), curvature radius R 12 
was 75 (urn), length L 13 of the square-law index fiber 13 was equal to the quarter pitch of the sinusoidally propagating 

40 light (wavelength: 1 .3 *im), and convergence parameter Ag was 250 (Jim). The value of the convergence parameter Ag 
= 250 (^m) corresponds, for example, to the case in which the core radius a and specific refractive index difference A 
are 25 (jim) and 0.5%, respectively, in the square-law index fiber 13. In FIG. 3, a black spot represents an analytic value 
for the incidence angle <h and the incidence position h 1 based on the light beams on the optical axis Lq at the emission 
angle 6 = 0°. 

45 As for the incidence position h 1 and the incidence angle $ 1v as seen from FIG. 3. the incidence position h 1 of the 
light beams had a small value such that it Was close to the optical axis L^, while the incidence angle fa was wide, so 
that the distribution had the shape of a tilted S. In this case, a region represented by an oblong in the drawing indicates 
ranges for the incidence position h 1 and the incidence angle in which the light beams emitted from the laser diode 
1 5 can be effectively incident upon the core 1 1 a of the SMF 1 1 . ft was indicated that many of light beams emitted from 

so the laser diode 1 5 at the emission angle 8 were incident upon the SMF 11, and the coupling loss of the lensed-fiber 10 
was small. 

Subsequently, the lensed-fiber 10 was manufactured in the steps of procedure shown in FIGS. 4A to 4F, in consid- 
eration of the results of the analysis described above. 

First the square-law index fiber 13 having the square-law index profile was fused to the tip end of the SMF 11 
55 shown in FIG. 4A (FIG. 4B), and the square-law index fiber 13 was cut to the length L 13 which is equal to the quarter 
pitch of the sinusoidally propagating light (FIG. 4C). 

Then, the coreless fiber 12 having the coreless isotropic refractive index was fused to an end portion of the cut 
square-law index fiber 13 (FIG. 4D), and the coreless ffoer 12 was cut to the length L 12 of about 1 mm (FIG. 4E). 

Subsequently, the cut end of the coreless fiber 12 was heated and fused by arc discharge, and was worked into a 
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hemispherical surface with the curvature radius R 12 = 75(nm), whereupon the lensed-fiber 10 shown in FIG. 4F was 
manufactured. 

A light beam with a wavelength of 1 .3 *im from the laser diode 15 was projected on the manufactured lensed-fiber 
10. and the working distance D was varied as the coupling loss was measured, whereupon the results shown in FIG. 5 
s were obtained. The coupling loss was obtained by measuring the quantity of light emitted from the SMF 1 1 compared 
with the quantity of light emitted directly from the laser diode 15. 

As seen from FIG. 5, the coupling loss had a minimum value (= 5 dB) when the working distance D was about 130 
fim. This coupling loss value was small enough not to arouse any problem in practical use of the lensed-fiber 10, and 
was a satisfactory value for the elimination of the possibility of interference with the laser diode 15. 
w The lensed-fiber may be formed of a so-called TEC (thermal expanded-core) fiber in which the core 1 1 a of the SMF 
1 1 is worked so as to spread outward at its end portion on the side of the square-law index fiber 13, as shown in FIG. 
6. With use of the fber worked in this manner, the range of incidence of the light beams projected on the SMF 1 1 
through the square-law index fiber can be extended. 

According to the present invention, as is evident from the above description, there may be provided a lensed-fiber 
is which ensures the improvement of the efficiency of coupling between component members. Since all its components 
are fiber-shaped, the lensed-fiber of the present invention is small-sized and light in weight as a whole. Since all the 
components are fiber-shaped, moreover, the lensed-fiber of the present invention can be manufactured by utilizing the 
existing fiber fusion connecting technique, thus providing outstanding effects including ease of manufacture, capability 
of mass production, low price offered, etc. 
20 If the length of the square-law index fber is then equal to the quarter pitch of the sinusoidally propagating light or 
the length equal to the odd multiple thereof, the relation between incidence angle and incidence position is reversed. 

If the convex surface at the one end of the coreless fiber is a spherical surface, it can be easily worked by using a 
micro-torch or arc discharge. 

If the single-mode fiber is formed of the TEC fiber with its core diameter extended at one end. moreover, the range 
25 of incidence of the light beams projected through the square-law index fiber can be made wider than that of a fiber 
whose core diameter is not extended. 

Claims 

30 1 . A lensed-f ber comprising: 

a single-mode fiber including a core and a cladding; 

a coreless fiber having a coreless isotropic refractive index and one end thereof worked into a convex surface; 
and 

35 a square-law index fiber having a square-law index profile and connecting one end of the single-mode fiber and 

the other end of the coreless f ber. 

2. A lensed-fiber according to claim 1, wherein said square-law index fiber has a length equal to the quarter pitch of 
the sinusoidally propagating light propagated through said fiber or a length equal to an odd multiple thereof. 



3. A lensed-fber according to claim 1, wherein said convex surface of said coreless fiber is a spherical surface. 

4. A lensed-fiber according to claim 1 , wherein said single-mode f ber is a TEC (thermal expanded-core) fiber with the 
core diameter extended at said one end. 
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